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Abstract
The intracellular mechanisms controlling mechano-dependent production of the two extracellular matrix proteins collagen XII and
fibronectin were analyzed. Fibroblasts were cultured on either tensed (attached) or released (floating) collagen type-I gels, respectively.
Collagen XII and fibronectin production was three- to fivefold higher under tensed than under released conditions. The general inhibitor of
tyrosine phosphorylation, genistein (50 AM), and the MAP kinase inhibitor PD98059 (20 AM) selectively reduced collagen XII accumulation
by tensed cultures. Addition of PD98059, but not genistein, downregulated tensile stress-induced tyrosine phosphorylation levels of ERK1/2
and focal adhesion kinase. Staurosporine as well as pretreatment with phorbol ester, which constitute means to downregulate classical and
novel PKC activity, specifically blocked collagen XII but not fibronectin accumulation in tensed fibroblasts. ERK1/2 phosphorylation levels
were not affected by staurosporine treatment. Chronic exposure to the protein kinase C inhibitors bisindolylmaleimide and calphostin C
blocked increased production of both fibronectin and collagen XII from cells under tension. The data manifest that the mechano-dependent
production of collagen XII and fibronectin requires separate pathways. The FAK-ERK1/2 pathway, a genistein-sensitive tyrosine kinase, and a
distinct classical/novel PKC appear selectively required for increased production of collagen XII in cells under tensile stress, whereas
fibronectin induction is regulated by a different PKC-dependent pathway.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Skin is constantly exposed to stretching and bending
forces [1]. Moreover, healing of skin wounds represents a
special situation in which fibroblasts develop tensile forces
against the granulation tissue matrix in order to bring the
wound margins together and to obtain fast wound closure
[2,3]. This argues for the importance of mechanical forces in
regulating ECM production by skin fibroblasts [4].
The intracellular mechanisms that control the increased
production of ECM proteins by mechanically stressed fibro-
blasts are not well studied. Especially, it is not knownwhether
distinct ECM proteins are regulated by the same or different
signaling pathways in response to a given mechanical stim-
ulus [5,6]. Several protein kinases are candidate molecules
for being involved in the signaling events causing increased
matrix production, as they transduce mechanical stress
sensed by integrins into changes in gene expression in several
cell types [7–11]. Tyrosine phosphorylation is involved in
signal transduction triggered by contact of fibroblasts with
type I collagen [12] and by the subsequent integrin-dependent
contraction of the collagen matrix leading to altered gene
expression [13]. In several cell types, the integrin-associated
focal adhesion kinase (FAK) was shown to be activated by
mechanical stress [14–16]. Mechanical stretch induces tyro-
sine phosphorylation of MAP kinase ERK1/2 in rat cardiac
fibroblasts [11]. Integrin-dependent activation of FAK in
response to mechanical forces or ECM contact is linked to
activation of ERK1/2 in various cell types [15,16]. Finally,
evidence has been provided that members of the serine/
threonine protein kinase C (PKC) family are involved in
mechanotransduction and gene regulation [17,18].
The wound contraction model provides a suitable model
for studying mechanically induced ECM production in a
defined matrix [19–23]. The seeded fibroblasts produce
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contractile force against the elastic collagen matrix, and
isometric tension builds up within the lattice if it is attached
to a solid support [24,25]. In contrast, when the collagen gel
is detached from the culture dish and freely floating, cells
contract the matrix and relax, thereby reducing tensile stress
[19,24]. Similarly, when fibroblasts are cultured on plastic
substrate they develop isometric tension and deposit matrix
proteins [22].
Fibronectin and collagen XII are two multimeric ECM
proteins whose expression is prominently induced in
response to wounding induced by mechanical stress, e.g.
during periodontal ligament remodeling, bladder stretch
injury, in wounded skin, and in endomysial fibroblasts of
overloaded chicken skeletal muscle in vivo [26–30]. In the
wound contraction model, the mRNA and protein level of
fibronectin and large and small collagen XII variants was
shown to be higher when skin fibroblasts are maintained
under tension (attached lattice) than when they are allowed to
retract the collagen matrix (floating lattice) [20,22,31,32].
Here, we aimed at exploring the potential involvement of
ERK1/2, FAK, and PKC pathways in tension-mediated
accumulation of collagen XII and fibronectin in the super-
natant of fibroblasts grown on collagen lattices and plastic.
2. Materials and methods
2.1. Chemicals and materials
Cell culture media and fetal calf serum (FCS) were ob-
tained from Seromed (FAKOLA AG, Basel, Switzerland). A
sterile rat tail collagen solution (collagen R) was obtained
from Serva (Heidelberg, Germany). Staurosporine, phorbol
12-myrististate 13-acetate (PMA), bisindolylmaleimide
(GF19305X), calphostin C, genistein, bombesin, and
PD98059 were purchased from Sigma (Buchs, Switzerland).
Mouse monoclonal (C19, SE14) and rabbit polyclonal
(#522) antibodies to chick collagen XII as well mouse
monoclonal antibody M6 against chick fibronectin were
the same as used before [32]. Rabbit polyclonal antibody
to the C terminus of rat focal adhesion kinase has been des-
cribed before [33]. Anti-phosphotyrosine antibody RC20:
HRPO was from Transduction laboratories (Gebr. Ma¨chler
AG, Basel, Switzerland). Anti-ACTIVE MAPK antibody
(recognizing phosphorylated ERK1/2) was from Promega
(Catalys AG, Wallisellen, Switzerland). Chicken collagen
XII [30] and fibronectin [32] were isolated from fibroblast
culture supernatants by affinity chromatography as de-
scribed.
2.2. Primary fibroblast cultures
Harvesting of chicken embryo skin fibroblasts and plating
onto fibrillar collagen matrices was done essentially as
described previously [32]. Briefly, the wells of 24-well
dishes were coated each with 0.4-ml fibrillar collagen type
I/III gel (1.5 mg/ml). The gel was prepared by mixing 7.5
parts collagen solution (2 mg/ml in 0. 1% acetic acid; Serva)
at 4 jC with 1 part 10 DMEM (Gibco BRL, Life Tech-
nologies AG, Basel, Switzerland), 1 part 0.44 M NaHCO3,
0.07 part NaOH (1.5 M) and 0.5 part 20% FCS in phosphate
buffered saline (PBS: 150 mM NaCl, 20 mM Na phosphate,
pH 7.4). Then, primary fibroblasts cultured as monolayers in
DMEM/10% FCS were trypsinized and seeded onto the
collagen gels (250000 cells in 1-ml DMEM/1% FCS per
well). Alternatively, cells were grown directly on the plastic
dishes (plastic cultures).
Twenty-four hours after seeding, cultures were carefully
washed with 1% FCS/DMEM and new culture media with
different concentration of inhibitors were added as described
in Section 3. After a 1-h incubation, collagen gels with cells
were carefully removed from the dish with a spatula (re-
leased collagen gel cultures) or left attached (tensed collagen
gel cultures). Cytoskeletal forces exerted by cells on the
collagen gel caused complete contraction of released cultures
within 10 h, whereas the gel of attached cultures resisted to
deformation and remained tensed. Culture supernatant was
harvested 24 h later.
2.3. Quantification of ECM protein secretion
ECM proteins secreted into the cell culture supernatants
were quantified as published [32] by a sandwich ELISA
technique relative to a standard of purified chicken collagen
XII or fibronectin, respectively. Briefly, to detect collagen
XII, 96-well microtiter dishes (Falcon #3911, Becton Dick-
inson, Oxnard, CA) were precoated for 1 h at room temper-
ature with monoclonal antibodies C19 and SE14 (5 Ag/ml
each in PBS) [30]. After blocking with 1% skim milk powder
in PBS (milk-PBS), collected supernatant was transferred
into antibody-coated microtiter wells and serially diluted
with 1% FCS/DMEM (50 Al per well). After 1 h, wells were
washed three times with 1% milk-DMEM, followed by
incubation for 1 h with anti-chick collagen XII antiserum
(1:200 in milk-PBS) and three washes in milk-PBS. For
detection, wells were incubated for 1 h with a 1:5000 dilution
(in milk-PBS) of peroxidase-labeled goat anti-rabbit IgG
(Jackson Laboratories, West Grove, PA) and after final
washes (2 milk-PBS; 1 PBS alone) developed with
phenylene diamine as described [32]. The optical density of
the color reaction was measured at the specific wavelength of
490 nm versus the reference at 592 nm, and protein concen-
tration was quantified by comparison with collagen XII
standard curves. For the calculation, only values from super-
natant dilutions were used that fell into the linear range of
optical density of the standard curves.
For analysis of fibronectin content, this ECM protein was
specifically adsorbed to microtiter wells coated with swine
skin gelatin (1 mg/ml; Merck, Darmstadt, Germany). Wells
were blocked with 3% BSA in PBS and diluted cell super-
natants added for 1 h. Wells were then washed three times
with 1% BSA/PBS, incubated for 1 h with chick-specific
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anti-fibronectin mAb M6 (10 Ag/ml in BSA/PBS) followed
by washes in BSA/PBS. Wells were developed by incubation
with goat anti-mouse IgG (1:200 in BSA/PBS) followed by
mouse peroxidase/anti-peroxidase complex (Jackson Labo-
ratories; 1:20000 in BSA/PBS), and the color reaction was
performed as above. The optical density was measured as
above and fibronectin concentration quantified by compar-
ison with fibronectin standard curves as described above.
2.4. Analysis of ELISA data
Estimated concentrations of ECM proteins in culture
supernatants are presented as absolute values, or relative to
the average value (set to 100%) obtained from untreated,
attached collagen gel cultures within the same experiment.
Data are expressed as the mean valuesF S.E. obtained from
at least six identically treated culture wells, and significance
of differences was verified for an effect of treatment (inhibi-
tor or culture condition) with a one-way ANOVA using Sta-
tistica software (version 5.1 for Windows, StatSoft (Europe)
GmbH, 20253 Hamburg, Germany).
2.5. Immunoblotting of cell culture supernatants
Supernatants were diluted in SDS-PAGE loading buffer
containing DTT (80 Al of supernatant, 40 Al of water and 40
Al of 4 SDS-loading buffer) and were denatured for 5 min
at 95 jC and centrifuged for 1 min at 10000 g. Samples
(30 Al each) was run on a 5% SDS-PAGE gel which was
processed for immunoblotting and immunodetection with
rabbit antibodies (1:1000 dilution in blocking solution)
specific for chicken collagen XII (#522), or fibronectin
(#1801) by enhanced chemoluminescence (SuperSignalRW-
West Pico from Pierce; Socochim SA, Switzerland) as
described previously [26]. Blots were stained with Ponceau
S to verify equal loading and transfer. Additionally, dena-
tured cell extracts from the same culture wells used for deter-
mination of ECM secretion in the supernatants were ana-
lysed with SDS-PAGE, Western blotting, and staining of
membranes for cell protein content with Ponceau S for equal
amount of cells per well.
2.6. Immunoprecipitation and immunoblotting of cell
extracts
Fresh cells were homogenized in 250 Al of cold buffer
RIPA M [10 mM Tris–HCl pH 7.4, 1% Triton X-100, 150
mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1.5 mM MgCl2, 1
mM Na3VO4, 0.2 mM PMSF (Sigma), 2.5 Ag/ml aprotinin
(Sigma), 2.5 Ag/ml leupeptin (Sigma)] with a polytron
(Kinematica, Switzerland). Homogenates were vortexed, in-
cubated on a turning-wheel (20 min at 8 jC), soluble proteins
recovered in the supernatant of a centrifugation step (5 min,
10000 g, 4 jC), and differences in sample volumes were
adjusted with addition of 1% FCS/DMEM. For immunopre-
cipitation, each sample was incubated with rabbit anti-FAK
serum (5 Al, 1 h at 8 jC), followed by reaction with 50 Al of a
10% slurry of Protein A cross-linked to agarose (1 h at 4 jC;
Sigma). Precipitation (1 min, 8000 g at 8 jC), washing
(with 1 ml RIPA M), and denaturation of the antigen–
antibody complexes (in 20 Al of 2 SDS loading buffer)
were carried out essentially as described [33]. Immunode-
tection was carried out after Western blotting as described
before with rabbit anti-FAK serum (1:1000) or phosphotyr-
osine antibody (1:500). Alternatively, soluble proteins were
denatured in 2 SDS loading buffer and analysed for FAK
or phospho-ERK1/2 as follows. Samples (30 Al each) were
separated on 5% or 7.5% SDS-PAGE, respectively, Western
blotted, and immunodetected with rabbit anti-FAK antiserum
(1:1000) or anti-ACTIVE-MAPK (1:5000) as described
above. Detection of phosphoaminoacids was carried out
with the modification that BSA, rather than milk powder,
was used to block unspecific binding.
2.7. Estimation of cell death
Fresh culture supernatant was analyzed for activity of
lactate dehydrogenase, a soluble cytoplasmic enzyme re-
leased after cell death (cytotoxicity detection kit, Boehringer
Mannheim). The assay was performed in 96-well ELISA
plates according to the manufacturer’s instructions. Values
obtained from parallel cultures on plastic after solubilization
with 1% Triton X-100 served as the 100% cell death control.
3. Results
3.1. Accumulation of fibronectin and collagen XII by fibro-
blasts depends on tensile stress
We have shown before that both the mRNA level and the
rate of de novo synthesis of distinct ECM proteins are
upregulated in chick embryo fibroblasts cultured on attached
(tensed) collagen gels, and rapidly ( < 12 h) downregulated
on floating (released) matrices. Moreover, accumulation of
secreted ECM proteins in the medium of such cultures within
a 24-h period (as measured by sandwich ELISA) correlated
well with the actual mRNA and protein expression levels
[32]. Therefore, in the present study we used this parameter
(protein accumulation in the medium) to evaluate the
involvement of various signaling molecules on tension-
mediated collagen XII and fibronectin expression. In a
standard experiment, fibroblasts were seeded for 24 h on
collagen gels, media were changed, and the collagen gels
with the cells were either left attached to the dish (tensed
conditions) or detached and allowed to float (released con-
ditions). As seen in Fig. 1A, 24 h later a tensile stress-
mediated increase in the accumulation of collagen XII (about
fivefold) as well as fibronectin (about threefold) was
detected compared to released cultures.
Standard experiments were done in the presence of 1%
FCS. However, accumulation of both ECM proteins in
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supernatants of tensed fibroblasts was maximal in the pres-
ence of 0.3% FCS and not further induced by two activators
of ECM synthesis, TGFh and acidic FGF (not shown).
Immunoblotting confirmed that the amount of collagen XII
(Fig. 1B) and fibronectin (not shown) in the cell supernatant
was largely decreased when attached gels were released from
the culture dish. Predominantly the large collagen XII splice
variant accumulated in the culture medium (Fig. 1B).
3.2. ERK1/2 and a tyrosine kinase are selectively involved
in tensile stress-dependent collagen XII but not fibronectin
accumulation
Immunoblot analysis showed that the amount of FAK
enzyme and its phosphotyrosine content (Fig. 2A) as well as
ERK1/2 phosphorylation (Fig. 2B) were increased in tensed
compared to released collagen cultures. We tested the effect
of inhibitors of phosphotyrosine kinases and ERK1/2 on
tensile stress-dependent collagen XII and fibronectin accu-
mulation. After seeding of fibroblasts on collagen gels,
media were changed and the cells pre-incubated for 1 h
with pharmacological agents before the collagen gels were
either left attached to the dish (tensed conditions) or
detached (released conditions). The ERK1/2 antagonist
PD98059 (20 AM) caused partial inhibition of collagen
XII but not fibronectin accumulation in tensed cells by
43% (Fig. 3). Immunoblot analysis demonstrated that this
concentration of PD98059 caused a significant reduction of
ERK1/2 phosphorylation as well as of tyrosine phosphor-
ylation of multiple proteins in the range of 44, 54–70, 100,
120 kDa (Fig. 4). In fibroblasts cultured on tensed collagen
gels, pp125FAK presumably constitutes the major tyrosine
phosphorylated 120-kDa protein (Fig. 2B) [12].
Additional evidence for a specific requirement of tyrosine
phosphorylation for collagen XII production was provided
by the observation that the broad range tyrosine kinase
inhibitor genistein (50 AM, Fig. 3) partially (34%) inhibited
tensile stress-dependent collagen XII but not fibronectin
accumulation. Even at higher concentrations tested, genis-
Fig. 1. Tensile stress-dependent production of collagen XII and fibronectin
by fibroblasts. New medium was added to chick embryo fibroblasts after 24
h of seeding in 1% fetal calf serum on collagen gels or on plastic. Thereafter
collagen gels were either left attached to the dish (tensed) or detached and
allowed to float (released), and the amount of collagen XII (black bars) and
fibronectin (white bars) secreted during 24 h into the medium was measured
by sandwich ELISA as described in Section 2 (A). Asterisks indicates
significant difference ( P < 0.05) to released control. (B) Immunoblot of
culture supernatants of released (R) and tensed (T) cells, respectively,
developed with antibody to chick collagen XII. The labels L and S refer to
the large and small splice variants of collagen XII, respectively.
Fig. 2. Increased tyrosine phosphorylation of focal adhesion kinase (p125
FAK) and ERK1/2 in fibroblasts under tensile stress. Fibroblasts were cul-
tured for 24 h on collagen gels under released (R) or under tensed (T) con-
ditions, respectively, or on plastic (P). Cell extracts were prepared and ana-
lyzed with antibody to FAK or phospho-ERK1/2 as described in Methods.
(A) FAK immunoprecipitates were separated on 7.5% SDS-PAGE, blotted,
and developed with antibody to phosphotyrosine (top panel) or to FAK
(bottom panel), respectively. IgG2 indicates immunoprecipitated IgG dimers.
(B) Cell extracts immunoblotted with antibody to phospho-ERK1/2.
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tein did not significantly affect fibronectin levels and did not
further reduce collagen XII accumulation (not shown).
Genistein at 50 AM did not block FAK (and ERK1/2)
tyrosine phosphorylation in fibroblasts that were cultured
under tension on collagen gels (Fig. 4C and D). Neither of
the modulators of protein tyrosine phosphorylation tested
here had an appreciable effect on the levels of collagen XII
accumulation in released cultures (Fig. 3A).
3.3. Different protein kinase C isoforms are involved in ten-
sile stress-dependent collagen XII and fibronectin produc-
tion
The ‘‘stress’’ peptide bombesin induces transient tyrosine
phosphorylation of distinct proteins including focal adhe-
sion kinase and affects classical and novel, but not atypical,
PKCs [34,35]. Treatment of collagen gel cultures with 20
nM bombesin partially reduced tensile stress-mediated accu-
mulation of both fibronectin and collagen XII protein by
some 40% (Fig. 3). Bombesin, however, did not affect FAK
tyrosine phosphorylation levels (not shown). This observa-
tion indicated that additional, possibly PKC-dependent,
protein kinase pathways are involved in collagen XII and
fibronectin production by tensed fibroblasts.
First evidence for a modulatory role of serine/threonine
protein kinases was provided by the effects observed with
staurosporine, a broad spectrum serine/threonine kinase inhi-
bitor. Exposure to staurosporine resulted in a significant and
dose-dependent inhibition of tensile stress-induced collagen
XII secretion. Cell cultures incubated with 1 nM staurospor-
ine exhibited a 25% decrease of collagen XII secretion (Fig.
5A). With a 10-times higher concentration of the drug, the
observed decrease in collagen XII content in cell supernatant
reached more than 60%, approaching the low levels of
accumulation in released cultures (Fig. 5A). This result was
confirmed by immunoblotting (Fig. 5C). Interestingly, tensile
stress–dependent fibronection secretion was not at all
affected by pretreatment with staurosporine (Fig. 5B).
We examined more closely the involvement of PKC en-
zymes in the tensile stress-dependent accumulation of colla-
gen XII and fibronectin. Pretreatment of fibroblasts on
attached collagen gels for 12 h with 1 nM of PMA (phorbol
12-myrististate 13-acetate)—an established means to down-
regulate classical and novel, but not atypical, PKCs [36]—
did not affect fibronectin accumulation (Fig. 5B) but
inhibited collagen XII accumulation by 60% (Fig. 5A).
These results are in agreement with the observed effects of
staurosporine. It was verified whether the PKC-dependent
pathway acts via ERK1/2 activation. However, 24-h treat-
ment with 10 nM staurosporine did not seem to reduce
ERK1/2 tyrosine phosphorylation levels of fibroblasts on
tensed collagen matrices (Fig. 5D).
Calphostin C and bisindolylmaleimide inhibit all PKC
subtypes, although with different efficacy [37,38]. When
included with the culture medium, both drugs significantly
reduced the stimulatory effect of mechanical stress on
collagen XII and, to a lesser extent, on fibronectin accumu-
lation (Fig. 5). The effects were dose-dependent. No sig-
nificant reduction was seen with either 2 nM calphostin C or
0.5 AM bisindolylmaleimide (not shown). In attached cul-
tures, 10 and 50 nM calphostin C repressed accumulation of
collagen XII by 40% and 69%, and of fibronectin by 25%
and 47%, respectively. Bisindolylmaleimide (5 AM) was
similarly effective (60% and 50% inhibition for collagen
XII and for fibronectin, respectively) (Fig. 5). These levels of
inhibition were not further enhanced by higher concentra-
tions of bisindolylmaleimide (not shown). Neither of the
PKC antagonists tested here had a significant effect on the
levels of collagen XII and fibronectin accumulation in
released cultures (Fig. 5), indicating that these drugs solely
affect enhanced expression under tensile stress.
3.3.1. Control experiments
The pharmacological agents used in the study were tested
for promotion of cell death. Pretreatment of cells with either
Fig. 3. Effect of pharmacological agents affecting protein tyrosine phospho-
rylation on tensile stress-mediated collagen XII and fibronectin production.
Fibroblast cultures were seeded for 24 h on collagen gels, washed, and new
medium containing one of the following drugs (in DMSO)was added: 10 AM
PD98059 (PD), 50 AMgenistein (GEN), 20 nM bombesin (BOM). After 1 h,
the collagen gels were either left attached to the dish (tensed) or detached
(released). Collagen XII (A) and fibronectin (B) accumulating in the medium
after 24 h were measured by ELISA as described in Section 2. Data are
expressed relative to the tensed control cultures. The labels *( P< 0.05) and
$( P < 0.01) denote significant difference to control, respectively.
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Fig. 4. Effect of MAPK, PKC, and tyrosine kinase inhibitors on ERK1/2 and FAK activation in fibroblasts under tensile stress. Fibroblasts were cultured for 24 h
under tensile stress (T) on collagen gels or on plastic (P) in the absence or presence of (A, B) 20 AM PD98059 or 50 AM genistein (C, D). Cell extracts were
prepared and analyzed with antibody to phospho-ERK1/2 (A, C) or to phosphotyrosine (B, D) as described in Section 2.
Fig. 5. Effect of protein kinase C antagonists on tensile stress-mediated production of collagen XII and fibronectin. Fibroblasts were cultured under tension or
released conditions on collagen gels as described in Section 2 and Fig. 3 legend. Staurosporine (STL, 1 nM; ST, 10 nM), calphostin C (CAL, 10 nM), and
bisindolylmaleimide (BIS, 5 AM) were added for 1 h before relaxation of the respective collagen gel cultures. Phorbol 12-myrististate 13-acetate (PMA, 10 nM)
was added 12 h before new media was added and cells were exposed to tensed or released conditions. Again 24 h later, collagen XII (A) and fibronectin (B)
concentrations were measured in the culture supernatants as described in Section 2. Data are expressed relative to the tensed control cultures. The labels
*( P < 0.05) and $( P< 0.01) denote significant difference to control, respectively. (C, D) Immunodetection for the effect of 10 nM staurosporine (ST) on
accumulation of collagen XII in the supernatant (C) and on ERK1/2 phosphorylation in cell extracts (D) of released (R) and tensed (T) fibroblasts. The labels L
and S refer to the large and small splice variants of collagen XII, respectively.
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staurosporine, PMA, calphostin C, or bisindolylmaleimide at
the concentrations used for inhibition studies did not appear
to induce cell death compared to untreated controls. In
average, about 80% of the cells were viable under all
conditions used (data not shown). As a control, all pharma-
cological agents used above were also tested for their effects
on ECM protein accumulation by fibroblasts cultured on
plastic. On this substrate, fibroblasts showed levels of
accumulation in the culture supernatant which were for
fibronectin comparable to, or for collagen XII even higher
than, the amount produced by fibroblasts on attached colla-
gen gels (Fig. 1). On plastic substrate, the selective inhibitory
effects of staurosporine as well as PMA on collagen XII (but
not fibronectin) accumulation were similar as for the cultures
on attached collagen gels. In contrast, on plastic PD98059
marginally inhibited accumulation of both ECM proteins
(not selectively fibronectin), whereas genistein, calphostin
C, and bisindolylmaleimide did not significantly affect
accumulation of either protein (data not shown).
4. Discussion
Culturing fibroblasts on stretched or released collagen
gels provides a suitable model for studying mechanically
dependent ECM production in a defined matrix. This model
mimics the physiological wound contraction response as
cells start to secrete ECM proteins [19,20,21,22]. The
positive influence of mechanical stress on ECM synthesis
has been well established in this model [22,23,32], yet the
intracellular mechanism causing enhanced production of
distinct ECM proteins is still largely undefined [39]. With
the use of pharmacological inhibitors for diverse protein
kinases, we provide evidence that tensile stress-dependent
collagen XII and fibronectin accumulation in the collagen
gel culture model involves distinct signaling mechanisms.
Control experiments indicate that the observed effects are
unlikely to be a consequence of artificially induced cell
death.
Tyrosine phosphorylation of ERK1/2 and the integrin-
associated FAK are a frequent consequence of mechanical
stress acting on integrins, and FAK has been shown to reside
upstream of ERK1/2 [15,16, reviewed in [Ref. 6]]. In dermal
fibroblasts, FAK and ERK have been demonstrated to
constitute the major pp120 and pp42 proteins which show
enhanced tyrosine phosphorylation upon culturing on type I
collagen [12]. In our experiments, tyrosine phosphorylation
of FAK and ERK1/2 was strongly increased in tensed versus
released cultures. Downregulation of their phosphorylation
by the inhibitor of MAPK tyrosine phosphorylation,
PD98059, correlated with the selective reduction of collagen
XII but not fibronection accumulation in tensed fibroblasts.
In contrast, 50 AM genistein, which also caused a selective
reduction in collagen XII synthesis, did not reduce FAK nor
ERK1/2 phosphorylation levels in fibroblasts grown under
tension on collagen gels (Figs. 4C–D and 6). The data
indicate that tensile stress-dependent collagen XII produc-
tion in fibroblasts is mediated through the FAK-ERK path-
way [15] and an independent genistein-sensitive tyrosine
kinase.
Tensile stress-dependent collagen XII accumulation was
strongly inhibited by 10 nM staurosporine whereas fibro-
nectin accumulation was not affected. This agent lacks
specificity and at the concentration used, PKC (IC50 = 3
nM) [40], MLCK (IC50 = 1.3 nM) and PKA (IC50 = 17 nM)
are inhibited [34]. However, already 1 nM staurosporine
(Fig. 3) as well as pretreatment with PMA (which down-
regulates classical and novel but not atypical PKCs or
MLCK) [36] inhibited tensile stress-dependent collagen
XII accumulation. Staurosporine and PMA treatment had
no effect on collagen XII accumulation by released collagen
gel cultures. This indicates that a classical or novel PKC
isoform is part of a signaling mechanism which specifically
controls tensile stress-dependent synthesis of collagen XII
but not fibronectin. PKCs have been reported to regulate the
stability and tyrosine phosphorylation of FAK, and members
of all three groups of PKC (conventional, novel, and atyp-
ical) can activate ERK1/2 as well as its immediate upstream
Fig. 6. Summary of the results. The effects of 24-h incubation of each agent on collagen XII and fibronectin accumulation and protein kinase activities are
indicated. PTK, protein tyrosine kinase; FAK, focal adhesion kinase; ERK1/2, extracellular regulated kinase 1/2; c/nPKC, classical/novel protein kinase C; S/T-
PK, serine/threonine protein kinase. The other abbreviations correspond to the ones used in Figs. 2, 4, 5). * indicates that the effect on the respective kinase
activity was established in previous studies.
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activator MEK-1 (the PD98059 target) [41–43]. However,
staurosporine did not modify ERK1/2 phosphorylation in our
case, indicating that the PKC-mediated accumulation of
collagen XII is independent or downstream of FAK-ERK1/2.
Accumulation of both collagen XII and fibronectin in
supernatant of tensed fibroblasts was inhibited by 5 AM
bisindolylmaleimide and 10 nM calphostin C, but not by
lower concentrations of these agents, and by 20 nM bomb-
esin. Calphostin C is specific for classical or novel PKC-like
enzymes [34,37] and bisindolylmaleimide has low affinity
for atypical PKCs (IC50 [cPKC] and [nPKC] = 200 nM,
IC50 [aPKC] = 6 AM) [38] (Fig. 6). Similarly, bombesin
affects classical and novel, but not atypical, PKCs [34]. This
indicates that tensile stress-induced fibronectin accumulation
involves a classical/novel PKCs as well.
The MAP kinases ERK1/2 are involved in mechanose-
nation at focal adhesion complexes upon application of me-
chanical stress to integrins, and they link to gene expression
[reviewed in Ref. 6]. Conversely, PKCs are important
regulators of cytoskeletal function [38,44] and a PKC sen-
sitive to staurosporine and calphostin C was shown to inhibit
collagen gel contraction by dermal and choroidal [45,46].
The selective effect of drugs inhibiting classical and novel
PKC isoforms (staurosporine, PMA), and ERK1/2 (PD980
59) on collagen XII accumulation by mechanically stressed
fibroblasts suggests that contractile cytoskeletal forces (regu-
lated by PKC) and extracellular forces (sensed via an
integrin/FAK/ERK1/2 pathway) might be independently
involved in controlling expression of distinct ECM proteins
[3,25].
In summary, ERK1/2, a genistein-sensitive tyrosine kin-
ase and a classical/novel PKC, are separately required for
tensile stress-dependent expression of collagen XII from
fibroblasts grown on collagen gels. Moreover, differences
were apparent in the effect of PD98059, genistein, calphostin
C, and bisindolylmaleimide on collagen XII and fibronectin
accumulation, respectively, by fibroblasts tensed on plastic
vs. collagen I/III matrices. The minimal effect of PD98059
on collagen XII accumulation by fibroblasts cultured on
plastic was related to an incomplete inhibition of tyrosine
phosphorylation including pp125FAK (but not ERK; Fig. 4).
This small effect of PD98059 on plastic is in line with
previous observations on fibroblasts cultured on plastic
demonstrating that 25–50 AM PD98059 does not prevent
the markedly increased tyrosine phosphorylation of FAK
induced by G protein-coupled and tyrosine kinase receptor
activation while completely abrogating ERK1/2 activation
[47]. Similarly, genistein which (at 100 AM) effectively
blocks tyrosine phosphorylation of ERK1/2 and FAK in
fibroblasts cultured on plastic support (at 50 AM) [48,49]
did not reduce FAK nor ERK1/2 phosphorylation levels in
fibroblasts grown under tension on collagen gels (Fig. 4C
and D). The disparity of the effect of PD98059/genistein on
FAK (and ERK1/2) phosphorylation in fibroblasts grown on
tensed collagen gels vs. plastic may relate to differences in
the mechanism by which tension and soluble factors control
FAK and ERK1/2 phosphorylation. This indicates that the
intracellular mechanisms required for tensile stress-depend-
ent production of collagen XII and fibronectin are directed
by the substrate to which the dermal fibroblasts initially
adhere. Further experiments are needed to clarify at which
level possible interactions exist between these pathways.
Secretion of ECM proteins from fibroblasts and their
subsequent deposition contributes to normal healing and
scar formation [29,50,51] and mechanical stress has been
considered important early on for this process [3,19]. Fibro-
nectin and type XII collagen are prominently induced during
remodeling of various tissues in response to wounding
caused by excess mechanical stress [26,27,29,30], suggest-
ing that expression of these ECM proteins may be closely
associated with functional adaptation, remodeling, and
regeneration of connective tissue in response to mechanical
stress [27,52]. Our observations on the requirements of
tensile stress-mediated collagen XII and fibronectin expres-
sion support the notion that different signaling pathways are
involved in the regulation of new ECM production during
wound healing and regeneration. Overproduction of ECM
proteins, in part due to increased mechanical loading, leads
to abnormal and excessive tissue remodeling and scar for-
mation [53]. The results of our study have bearing on future
approaches to prevent excess fibrosis.
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